In Japan, since the Great Hanshin-Awaji Earthquake, attention has surrounded the development of disaster victim relief activity using robots. Development of a robot that can adapt to various environments in irregular places, rubble, and confined areas is necessary. A wheel movement type robot, a robot in the shape of a snake and a multi-leg robot are all described in the relevant literature as rescue robots that are currently studied. Among them, the tracked crawler robot can travel by traversing uneven ground flexibly with a crawler belt attached firmly to the ground surface. Although conventional crawler robots have high efficiency and/or high ground-covering ability, they require a comparatively large space to move. In this study, a cylindrical crawler robot based on worm-rack mechanism, which does not need large space to move and which has high ground-covering ability, is proposed. Experiments have demonstrated smooth operation and a forward movement of the robot by application of voltage to the motor. In addition, performance tests show that it can propel itself in confined spaces and in irregular areas. This paper reports the structure, drive mechanism, prototype, and experimental evaluation.
Introduction
The Great Hanshin-Awaji Earthquake and the September 11, 2001 attacks spurred the development of rescue robots for relief and search in disaster scenarios [1] [2] . It is strongly demanded that robots be used to conduct search and rescue efforts in confined places that are inaccessible to humans such as inside collapsed houses or buildings.
For that purpose, various rescue robots have been developed, such as wheeled robots [3] [4] [5] , multi-legged robots [6] [7] [8] , snake-like robots [9] [10] [11] , peristaltic crawling robots [12] [13] [14] , and tracked crawler robots. Wheeled robots have high mobility on ground leveling. However they have low mobility on rough terrain such as disaster scenarios. Multi-legged robots can perform well on rough terrain. However, it is difficult to build a small robot for practical applications. Snake-like robots and peristaltic crawling robots can propel themselves in narrow spaces such as under rubble or inside a thin pipe. However, rough-terrain traversability of their robots is poorer than that of tracked crawler robots. Rough-terrain traversability is an important aspect of performance because many areas have uneven terrain, such as those with rubble in disaster scenarios. A tracked crawler robot can travel by traversing uneven ground flexibly with a crawler belt attached firmly to the ground surface in conditions that afford a large ground contact area. It is particularly beneficial for its potential to break through irregular areas such as rubble heaps.
Many crawler robots [15] [16] [17] [18] have been developed to date as rescue robots. However, conventional crawler robots have difficulty travelling in confined spaces, such as under rubble, on grooves, and in pipes, because of their size and shape. A connected crawler robot [19] [20] with segments coupled longitudinally, is proposed. Its section area can be small. Therefore, it can move in a small space. In addition, flat-body crawler robots [21] [22] have been developed to move in spaces with low overhead, but they have difficulty moving on v-grooves and inside pipes because of their tank-like shape. A crawler vehicle with a circular cross-section unit [23] that can travel inside a large pipe has been developed, but it is difficult to move inside a thin pipe and narrow spaces because its miniaturization demands a complicated structure. As presented above, no crawler robot has been developed that can travel in a confined space such as on v-groove, inside a thin pipe, and under rubble simultaneously.
This study is therefore aimed at implementing a crawler robot with high running performance in a confined space. A small and simple crawler robot has been developed with multiple crawler belts configured with axial symmetry at equal intervals on a cylindrical frame and driven by a single motor through a worm rack mechanism. This report describes the structure, driving principle, design, and prototype evaluation of the proposed cylindrical crawler robot. Fig.1 depicts a structural drawing of the cylindrical crawler robot proposed for this study. This robot is a cylindrical robot comprising a gearmotor, crawler belts made of silicone rubber, and a worm and a frame made of resin. Six crawler belts are spaced at equal intervals around the longitudinal axis of the cylindrical frame. Each crawler belt is wound around the frame, of which both ends are connected to produce a loop. In addition, teeth having a rake angle corresponding to the lead angle of the worm tooth are formed on the outer surface of the crawler belt. The corner of those teeth forms a curved surface, which enables the crawler belt to expand the contact area with the ground when they are in contact. Therefore, enhanced driving force is generated.
Mechanism
A pair of rollers is furnished for each crawler belt at both ends of the frame to suppress the energy loss by the crawler belt friction. Furthermore, notches on the teeth of a crawler belt decrease the normal force from the belt to the roller and reduce the frictional force. The gearmotor is mounted as stationary inside and coaxially to the frame. The worm is attached to the motor shaft, and is positioned to engage with each of the six crawler belts. Its driving principle is described next. First, the motor fixed to the frame is driven and the worm is This simple and compact cylindrical crawler mechanism has multiple crawler belts in axial symmetry to a cylindrical frame, driven by a single actuator via a single worm. It is therefore suitable for travelling in confined spaces such as those under rubble or in a thin pipe, which has persisted as a difficult task to date. Features of this cylindrical crawler robot are the following:
(i) simple structure driven by the worm rack mechanism, facilitating considerable reduction in size compared to the conventional cylindrical crawler structure, (ii) suitable for travelling in confined spaces, such as those under rubble or in a thin pipe, (iii)operable even when top-bottom or left-right sides of the robot contact walls simultaneously by virtue of its multiple crawler belts in axial symmetry, and (iv) easily retrievable from a sudden fall at a level difference.
Robots are strongly demanded for rescue operations at disaster scenes that are inaccessible to humans. Implementation of such a robot is an extremely important subject. As a solution to this issue, making the most of the crawler mechanism of this study, which can travel under rubble or in a thin pipe employing the features of the high running performance of the conventional crawler mechanism, is regarded as contributing greatly to relief and search activities at earthquake disaster sites and at nuclear plants. Moreover, the proposed robot mechanism has a simple structure enabling substantial size reduction. This technology is regarded as applicable to crawler robots travelling inside a human body for inspection, creating a self-propelled endoscope and rescue robot.
Design
This chapter presents a description of the design of the proposed crawler unit. The rubber crawler belt of this crawler unit has insufficient tooth thickness, which might cause large elastic deformation in belt toothing at the time of engagement with the worm, which degrades the driving efficiency. However, an overly thick tooth might increase the energy loss by friction with the frame or the roller. For that reason, this study used 8 mm by trial-and-error as the minimum tooth thickness not causing decreased driving efficiency by distortion of belt toothing.
An overly small face width of a crawler belt might cause high stress in the crawler belt toothing, such that large distortion might occur for the reason described above. Therefore, it is necessary to design a device with contact length as long as possible to secure the strength of crawler belt toothing. Furthermore, because the tip face of the crawler belt toothing delivers driving force to the ground surface, the contact area should be as large as possible to assure frictional force. The maximum engagement length of the crawler belt was 
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Vol. 7, No. 3, 2013 examined using the geometric spatial relation of the worm and the crawler belt. The face width was determined. Fig. 2 presents a schematic diagram of the proposed robot in an axial view, showing the spatial relation of the worm and the crawler-belt toothing, where n, b, l, r, and R respectively denote the number and the face width of the crawler belt, the engagement length, the tooth bottom diameter, and the outer diameter of the worm. Geometric spatial relations such as the number of crawler belts, the engagement depth, and the tooth bottom diameter of the worm in Fig. 2 derive the face width b max when the engagement length l becomes the maximum with the outer diameter of the worm being R and the number of crawler belts n as in the following equation.
The tooth bottom diameter was determined as the maximum so that it would not interfere with the crawler belt tip. When an n-gon is circumscribed to a circle of radius r in Fig. 2 , the maximum radius r max is calculable using the following equation.
The robot travel speed V is obtained as
with motor rotating speed N, gear reduction ratio i, and the worm tooth pitch p. The target travel speed of the robot was set to 40 mm/s for this study. Therefore, a 16.3 mm gear tooth pitch and a 67 reduction ratio were used, with motor speed of 12,000 rpm, according to Eq. (3).
Prototype and evaluation

Prototype
Based on the design described above, a robot was prototyped. The production procedure of the crawler belt made of silicone rubber by mold forming is described first. Liquid rubber (KE-1600; Shin-Etsu Chemical Co., Ltd.) was poured into a mold, with a lid on, and was left untouched for 60 min in a 70°C thermostatic chamber. Then, after taking out the rubber fabricated by solidification, liquid rubber was applied to both ends, which were bonded and left untouched for 60 min in the thermostatic chamber again for complete adhesion. The crawler belt was finished. Fig. 3 shows the molds employed and the resultant crawler belt. The frame and worm made of ABS resin were molded with a 3D printer (Dimension Elite; Stratasys, Inc.) using their dimension data prepared using 3DCAD. The gearmotor was a brushless DC motor (GP13A SL; Maxon Motor AG). Fig. 4 exhibits a prototype of the cylindrical crawler robot. Table 1 presents its specifications. The prototyped robot has 100 mm total length, 47 mm outer diameter, and 0.13 kg mass. 
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Experiment
An operation check of the prototyped crawler unit was conducted, as presented in Fig.5 . The test demonstrated smooth operation of the crawler belts and forward movement of the robot by impressing voltage to the motor, although the actual moving speed of 22 mm/s was lower than the desired moving speed of 40 mm/s because of friction between worm and crawler belt toothing. Next, to evaluate the performance of the prototyped crawler unit, driving tests were conducted on four different conditions. In the test, the crawler unit ran on flat ground, on a v-groove, inside a pipe, and on slope. The angle of v-groove was 85 deg, the inner diameter of the pipe was 67 mm and slope angles were, respectively, 10 deg and To compare the running performance in each running condition, material of each ground surface was set to the same acrylic resin. Experiment results are depicted in Fig. 6 , which indicates that the crawler unit can propel itself in a confined space such as on a v-groove and inside a pipe. As a pipe inspection robot, wheel robots [24] [25] and robots driven by vibration mechanisms [26] have been developed. Although these robots move comparatively fast, it is difficult to secure large frictional force for these robots, because the contact area between the drive part of the robot and the pipe is low. In addition, it is difficult for wheel robots to reduce their size because of their complicated structure. On the other hand, our robot uses crawler belt that afford a large ground contact area. Therefore it can secure frictional force relatively easily. Moreover, it may be easily propel inside the pipe that has deposited materials or foreign materials such as rubbles. Each moving velocity is portrayed in Fig. 7 . A dashed line shows the crawler belt speed as calculated using Eq. (3). If the crawler belt speed is the same as the moving speed of the crawler unit, then the crawler belt does not slip for the ground. Consequently, the crawler belt speed was equal to the moving speed on flat ground and the moving speed on the v-groove and inside a pipe. A conventional tank-like crawler slips easily when it runs on a v-groove or inside a pipe because of partial contact between the crawler belt and the ground surface. The experiment result indicates that the running performance does not decrease even when it moves on v-groove or inside a pipe. The moving velocity on the slope decreased concomitantly with increasing slope angle because of reduced frictional force between the crawler belt and the ground. The maximum angle movable to propel it was 24 deg. Next, to confirm whether the crawler unit can propel itself on rubble and inside a curving pipe, which are assumed as the ground condition of practical use, running tests were conducted under such ground conditions. Experiment results are presented in Fig. 8 . Results show that the crawler unit can propel itself inside a curving pipe and on rubble.
Future works
Results of the experiment described above confirmed that the proposed crawler mechanism can move in confined spaces and on uneven terrain. However, two major and important issues remain to be solved for this crawler unit.
The first is biting of foreign materials. The crawler belt teeth not only contact the ground surface but also mesh with the worm, i.e., the teeth engage with the worm after they kick the ground. Accordingly, foreign materials that adhere to the crawler belt at the time of ground surface contact might gouge or degrade the engagement area with the worm. A robot might halt completely and stop functioning in a worst case scenario when foreign materials adhere in this way. Therefore, it is necessary to take measures to mitigate the effects of foreign materials. Then, it is considered that this crawler unit can mitigates the effect of foreign materials if the tooth engaging with the worm is different from the tooth coming in contact with ground surface. That is, it indicates that tooth in order to engage with the worm is formed on one side of the belt, and tooth in order to come in contact with the ground surface is formed on the other side of the belt. One method to achieve such a crawler structure is to produce a hollow type worm that the tooth is formed inside a worm as shown in Fig. 9 . If realized such a structure, the crawler unit can mitigate the effect of foreign materials. The second problem is that the driving efficiency of the crawler unit is low because the frictional coefficient of the silicone rubber which is material of the crawler belt is very high for the ABS resin which is material of worm. Therefore it is important to reduce the frictional coefficient of the surface of the crawler belt. One method to resolve such a problem is to reform the surface of the silicone rubber by a coating material. The durability of the crawler belt is also not good. However, if the first and the second problem mentioned above are resolved, the durability may be improved considerably.
Another problem is that this crawler robot has a drive mechanism that functions only in a back and forth direction, but with no active turning measure of the travelling direction. When this crawler unit is used in disaster scenarios, it is necessary that the travelling direction be changed freely and that a level difference be overcome easily. Then, it is considered that multiple crawler units connected in series in the multiply connected structure allows turning and overcoming level differences by bending joints between units. Further development of this crawler robot will be conducted in the future, especially particularly addressing the two points presented above.
Conclusions
This paper describes a worm-rack-driven cylindrical crawler unit developed as a rescue robot that can travel in confined spaces such as those under rubble or in a thin pipe, and describes its basic constitution, driving principle, design, and prototype evaluation. This study is concluded as follows.
(i) A worm-rack-driven cylindrical crawler unit was developed, following different mechanisms from the driving principle of the conventional crawler, for use as a rescue robot that can travel in confined spaces or in a thin pipe. This is a simple and compact crawler unit that propels a robot by driving multiple crawler belts in axial symmetry to a cylindrical frame with a single actuator via a single worm. (ii) The performance test of the prototyped crawler unit demonstrated smooth operation of all the crawler belts engaging with the worm and a forward movement of the robot by application of voltage to the motor. (iii) The crawler unit was suitable for travelling in confined spaces, such as on a v-groove and in a pipe. It also traveled by traversing uneven ground such as on rubble with its crawler belt attached to the ground surface firmly. Further development of a rescue robot will be conducted in the future to resolve the required specifications for practical use in the field, particularly those related to active turning functions as well as measures against foreign materials affecting mobility. Fig.9 Structure of proposed hollow type worm.
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